The stability of a selection of single-stranded DNA plasmids was compared in continuous culture of Bacillus subtilis
Introduction
Genetically manipulated bacteria have become important vehicles in the commercial production of biomolecules. In such organisms, plasmids are widely used as cloning vectors owing partly to the ease with which plasmid-borne genes can be manipulated, but also because the use of multicopy plasmids can increase the gene dosage of the cell and lead to increased production of the plasmid-encoded product. However, plasmid cloning vectors are liable to segregational loss from host cells during fermentation, especially in the case of multicopy plasmids producing high product yield [l] . There have been many studies of plasmid instability, and it is now well established that rate of plasmid loss from a culture depends on the frequency at which plasmidfree cells are produced (segregation rate> and the difference in growth rate between the plasmid-bearing (P') and plasmid-free (P-1 cells [2] .
Continuous chemostat culture, though usually the most efficient system for industrial fermentation, has found relatively little use in the production of recombinant proteins because plasmid loss is usually much more of a problem than in batch culture [I] . Studies of plasmid loss during continuous culture have shown that loss rates can be strongly influenced by the nutrient limitation employed and the dilution rate (e.g. . A frequently observed feature, peculiar to plasmid loss from chemostat culture, is the temporary recovery of the P+ population (sometimes approaching 100%) followed by prolonged oscillations of the P'/Pratio [6, 7] . This oscillatory behaviour has been explained in terms of periodic mutagenic events that adapt the host bacterium to growth in continuous culture; the relative frequency of P+ bacteria increasing after the occurrence of a growthenhancing mutation in the P' population but decreasing after such a mutation in the P-population [5-81. In strains grown for long periods in a chemostat the scope for further favourable mutations becomes small, and such a strain can be considered to be chemostat experienced or adapted. This has a relevance for plasmid stability in that rates of plasmid loss from Escherichiu coli during chemostat growth may be significantly decreased if the host strain is experienced in the chemostat regime being employed [5-g] . The rationale for this is that plasmid loss from a non-experienced strain is often triggered (after a lag in which few plasmid-free cells are observed) by a favourable mutation in the plasmid-free segregant population. This increases the difference in growth rate between P+ and P-cells, allowing the latter to take over the culture rapidly.
Most studies of plasmid stability have involved Escherichia coli. Bacillus subtilis is another very important bacterium in microbiological production processes, but although the stability of Bacillus cloning vectors has been investigated in batch cultures [9- 
Growth media
Short-term maintenance was on plates or slopes of nutrient agar (Difco). Longer term storage was at -70°C in L-broth + 13% (v/v) glycerol. In the case of the chemostat-experienced strain B. subtilis 168-CU267-X, glycerol (13% v/v) was added to aliquots of the original culture in which the strain had been generated, and these were immediately frozen. This avoided risk of the culture re-adapting to plate growth.
Continuous culture
This was carried out in a mini-chemostat based on the design of Kadam et al. [13] using the minimal media described by Kadam et al. 1131 with required amino acids (D/L forms) added at 50 pg ml-'. Cultures were maintained at 37°C with an aeration rate of 1 ml air ml-' culture min-' . Carbon source was glucose, and dilution rate was 0.7 hh' unless otherwise stated. A large increase in culture biomass following addition of an excess of the limiting nutri- ent at the end of cultures was used as a check that the expected limitation was operative. Maximum growth rates of bacteria were determined by measuring exponential growth in batch culture, and in continuous culture by the method of Pirt and Callow [181.
Culture monitoring
Culture samples were serially diluted and counted by plating in triplicate to Luria agar (LA). Retention of plasmid-bearing bacteria in the culture was monitored by picking samples of 300 colonies, replating to LA, and then replica plating to LA containing kanamycin (50 pg ml-' > to detect plasmids PUB 110, pPL603, pPL608 and pSM112, or chloramphenicol (20 pg ml -' > to detect plasmids pHV33 and pC194.
Plasmid isolation
For small-scale preparations the method of Rodriguez and Tait [ 191 was used. Large scale preparations were performed using an alkaline lysis method 1201.
Transformation
This was carried out by the method of Chang and Cohen [21] ; success of transformation was checked by isolation and electrophoretic detection of the transformed plasmid.
Results

I. E#ect of nutrient limitation on stability
Experiments with plasmid pUBll0 in host bacterium 168CU267 showed this plasmid to be 100% stable up to about 100 generations in continuous cultures with carbon, nitrogen, potassium, sulfur or magnesium as the limiting nutrient. Instability was detected only in cultures where the limiting nutrient was phosphate.
Similarly, instability of plasmids pPL603 and pPL608 was detected only with phosphate limitation.
As phosphate limitation was the only condition under which plasmid instability was detected, this was selected as the growth system in which to study the effects of host chemostat experience of the host on the stability of Bacillus cloning vectors.
Experiments with a non-experienced host under phosphate limitation
A culture of B. subtilis 168CU267 which had a long history of maintenance on rich agar medium was used as the chemostat non-experienced strain. The six plasmids listed under Materials and methods were transformed into this strain to produce a set of chemostat non-experienced, plasmid-containing bacteria. For each of these strains, retention of the plasmid was followed during phosphate-limited continuous cultures of up to about 400 generations.
Plasmids pPL603, pPL608 and pSM 112 are all derived from single-stranded DNA plasmid PUB 110; they are of similar size to PUB 110 and all possess the minus-strand replication origin ssoU which is active in Bacillus and confers segregational stability in this genus [22] . Results from representative cultures of this group are shown in Fig. 1 . Plasmid PUB 110 showed high stability. P-segregants were never detected until about 250 generations, and as the specific growth rates of P+ and P-bacteria were not significantly different, the subsequent loss of P+ bacteria was slow with over 95% retention after over 380 generations. Plasmids pPL603 and pPL608 were less stable than PUB 110 and showed retention patterns that were similar to each other. In both cases there was a lag period prior to segregational plasmid loss, followed by a fairly rapid decline in the proportion of plasmid-bearing bacteria. In the case of pPL608, the length of the lag period varied from 45 to 120 generations, and in pPL603 from 60 to 90 generations, though in one culture the latter plasmid was retained in 100% of bacteria even after 350 generations.
Also, pSM112, showed a similar loss pattern with a lag of about 120 h before onset of rapid loss, but as this plasmid was tested only once the result is not shown.
Plasmid pC194 possesses the minus origin ssoA which is only weakly active in Bacillus [22, 23] , and pHV33 is a shuttle vector formed by the insertion of E. coli plasmid pBR322 into the Hind111 site of pC194 [24] . Both plasmids were very unstable under phosphate-limited growth, always showing rapid loss without any detectable lag period ( Figs. 1 and 3) .
The plasmids studied fell, therefore, into two groups based on their stability patterns. pUBll0 and its derivative plasmids possessing SSOU (pPL602, pPL608 and pSM112) all showed extensive lag periods prior to initial segregation events and consequent onset of loss from the culture. In contrast, the two plasmids possessing ssoA, pC194 and pHV33, showed immediate segregational loss, with little or no lag prior to the rapid replacement of P' bacteria by P-segregants. Fig. 2 shows the effects of extended culture of the pPL608-containing strain following the initial phase of plasmid loss. Two oscillations are evident in which the P' bacteria temporarily increased their representation in the culture prior to ultimate disappearance. These oscillations in the plasmid-bearing population are inversely reflected in oscillations of the total viable count of the culture. This effect has been noted in E. coli , and has been interpreted as the results of periodic selection for increased chemostat fitness of the host bacterium. Thus at about 170 generations the effect of a favourable mutation in the plasmid-bearing population is seen, and at about 220 generations this is countered by the effect of a similar mutation in the plasmid-free population.
P+ bacteria isolated from the later stages of con- tinuous culture experiments were always shown to carry plasmids that were indistinguishable from the starting plasmids on the basis of electrophoretic mobility and restriction profile. There was no evidence therefore for the occurrence of structural mutations in the plasmids, though the accumulation of point mutations cannot be ruled out.
Effect of host chemostat-experience on plasmid stability under phosphate limitation
In order to generate a chemostat-experienced host, B. subtilis 168 CU267 was grown in a phosphatelimited continuous culture for 800 generations to allow the accumulation of mutations that increase chemostat fitness. The resulting strain, designated B. subtilis 168 CU267-X, was shown to have an increased maximum growth rate ( /_Q,,,,) in minimal medium of 1.20 + 0.02 h-l, compared with 1.07 + 0.02 h-l for the original strain. Unexpectedly, assay of phosphate in the medium proved impracticable, as autoclaving of the medium was found to release a substance from Casaminoacids that reacted positively in the phosphate assays attempted. The affinity constants of bacteria for phosphate were therefore not determined.
To test whether chemostat-experience of the host bacterium increased plasmid stability, all plasmids were introduced into the chemostat-experienced strain by transformation. pUBll0 was excluded from this part of the program because its high stability in the original non-experienced strain would have precluded detection of any stabilising effect of chemostat experience. Possession of the expected antibiotic-resistant phenotype plus isolation of a plasmid with the correct size and restriction profile was taken as evidence of successful transformation. Maximum growth rates for the transformed strains were 1 l-27% lower than for the plasmid-free strain (Table 1) .
Plasmids pPL603 and pPL608 did not show significantly increased stability in the chemostat experienced host. Loss patterns for these two plasmids were essentially similar to those shown for the inexperienced host (Fig. l) , having variable periods before the onset of segregation that ranged from 14 to 77 generations. The loss pattern of pHV33 in the experienced host was also similar to that shown for the inexperienced host (Fig. 1) . Fig. 3 compares the loss of pC194 from the non-experienced and experienced host strains. In this case the plasmid was dramatically stabilised in the experienced host. In the experienced host (runs A and B), early segregation events still qccurred, with small numbers of P-cells detected at around 30 generations, but subsequent loss of P+ bacteria was slow, and at least 94% of the population retained the plasmid after about 200 generations. In the case of run 'B', the proportion of P+ cells dropped to 75% at generation 77 but subsequently recovered to about 95%. A third culture (result not shown) showed results essentially similar to run 'A'. When plasmid DNA was isolated from the experienced strain and retransformed into the original inexperienced strain, the previous pattern of rapid loss following segregation was re-established. This indicates that the stabil- Table I Maximum growth rates in minimal medium of strain 168~CU267-X khemostat experienced strain) carrying various plasmids isation of pC194 observed in the chemostat experienced strain is a consequence of changes that have occurred in the host bacterium during its adaptation to chemostat growth, and not of mutations in the plasmid.
Discussion
Plasmid PUB 110 possesses minus-origin SSOU that confers stability in Bacillus when grown in batch culture [22, 23] . Some derivatives of pUBll0 containing heterologous inserts have shown significant instability in batch culture, the severity of which is directly related to insert size [9] . The pUB 110 derivatives used in the present study, pPL603, pPL608 and pSM112, all retain SSOCJ, possess only small inserts and have been described as completely segregationally stable in batch culture [ 15-171. Our results show that PUB 110 and its derivatives pPL603 and pP1608 are also very stable in chemostat culture under a wide range of nutrient limitations, and that phosphate limitation is the only condition that induces instability. Under phosphate limitation, pUBll0 instability is slight. Its derivatives pPL603, pPL608 and pSMl12 show initial stability, but Psegregants become detectable usually between generations 60 and 120, and this is followed by rapid loss of P+ bacteria from the culture. In extended cultures these plasmids may be retained for long periods with periodic oscillations in the proportion of P+ bacteria (e.g. pPL608 in Fig. 2) . Oscillations of this sort have been reported for E. coli plasmids [5-81 but not previously for any single-stranded DNA (RCR) plasmid.
Previously published information on the stability of plasmid pC194 and shuttle vector pHV33 is contradictory. Both possess the ssoA minus-origin and are generally regarded as unstable [24] , yet both have also been described as completely stable in batch culture [ 10,131, though pHV33 was highly unstable in carbon-limited continuous cultures [13] . Our results show a high level of segregational instability of both plasmids during phosphate-limited continuous culture, followed by rapid direct loss of P+ bacteria.
Transfer to a chemostat-experienced host generally has the effect of stabilising E. coli plasmids in chemostat culture [5- 81, but our results showed no significant stabilisation of single-stranded DNA plasmids pPL603, pPL608, and pHV33 by this procedure. The culture stages at which segregation occurred in experienced host remained similar to those observed in the non-experienced host, and the subsequent rapid rate of loss of P+ bacteria was consistent with their specific growth rates of only 73-89% of those of the P-host (Table 1) .
Plasmid pC 194, however, showed dramatically increased stability in the chemostat-experienced host (Fig. 3) . P-bacteria still segregated at an early stage in the cultures, but their representation in the fermenter population remained very low, though occasionally with some fluctuation. This behaviour would be expected if the growth rates of P' and Pbacteria were similar [6-81, but our results showed that the growth rate of the P' strain was only 73% that of the P-strain ( Table 1) . Bacteria that retained pC194 should therefore have been outgrown by the segregants and lost at similar rates to those carrying pPL603, pPL608 and pHV33 [25] .
These differences in effects of host chemostat-experience are not readily explained. The process of adaptation to chemostat growth appears to have produced host modifications that permit high-level retention of bacteria carrying pC 194 even though plasmid-free segregants possessing higher specific growth rates are present in the culture. Also, this effect appears plasmid-specific as it does not extend to pPL603, pPL608 or pHV33. Currently this phenomenon lacks a physiological explanation. However, the observation that such a simple procedure as host adaptation can dramatically affect the stability of a cloning vector during continuous culture is of considerable potential importance to biotechnological processes.
